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1. Introduction

Applying a cold or non-thermal plasma to a solid material is a
common method to modify its surface, e.g. by eliminating unwanted
residues or by oxidizing the topmost layers of the material [1-3]. Be-
sides these ablation or etching processes a non-thermal plasma can also
be employed to deposit thin, polymer-like coatings on variable sub-
strates from monomers which are not accessible for standard poly-
merization reactions. This technique is often referred to as plasma
polymerization or more specifically plasma enhanced chemical vapor
deposition [4]. By tuning process parameters such as power input or
monomer composition the resulting coatings can be adjusted to show
either higher cross-linking, and thus high chemical stability, or reten-
tion of the monomer structure [5]. However, it is possible to generate
films that provide high retention of the functional groups and satisfying
stability [6]. The chemical and physical properties — like surface energy
and film thickness — can be altered by varying the chosen monomer(s)
and the polymerization conditions during the deposition process (i.e.
pressure, power input, and duration) [4,7]. The combination of high
chemical stability and adjustable surface chemistry offers the possibility
to generate templates for the selective growth of crystals of demanding
functional materials such as metal-organic frameworks (MOFs). MOFs
are porous materials which have very large internal surface areas of up
to 6000 m?/g [8]. Several reviews report the application potential of
MOFs for gas separation [9], gas storage [10], and heterogeneous cat-
alysis [11]. Furthermore, MOFs are suitable for chemical sensing de-
vices for gases or vaporous molecules [12]. These sensors often require
that the MOF crystals are mounted as a thin film on some sort of
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substrate to form a chemically responsive layer. The on-substrate-
growth of several MOFs like Metal-Organic Framework-5 [13], Hong
Kong University of Science and Technology-1 (HKUST-1) [14,15], or
Zeolitic Imidazolate Framework-8 [16] among others [17] has been
shown.

The signal transduction from the loaded MOF to an evaluable
readout is an important point in designing a working sensing device.
Several methods are suggested for the realization of such a sensor
[18,19]. Allendorf et al. reported the first functional sensing device
featuring HKUST-1 grown on a self-assembled monolayer (SAM) [20].
Similar approaches with SAM substrates were pursued by several other
groups [21-24]. Furthermore, the shape and the orientation of the
crystals grown on substrates can be influenced to demonstrate only a
specific form of appearance [25-27]. A different take on was first
published by Dimitrakakis reporting a patterned plasma polymer
coating employed as a substrate to produce a likewise patterned layer of
MOF crystals [28]. The variety of accessible monomers compared with
the enhanced chemical stability of the resulting plasma coatings offers
the feasibility of engineering robust micro-patterned MOF thin films
used in MOF sensors [29] or MOF microelectronic devices [30]. Our
group showed recently, that MOFs which require harsh synthesis con-
ditions incompatible with SAMs [31,32] can be grown on plasma
coatings [33]. In this work we present an approach of selective MOF
crystal growth on the hydrophilic domains of a patterned multilayer
plasma polymer coating composed of hydrophilic and hydrophobic
regions. The latter consists of plasma-polymerized trifluoromethane,
which forms a coating with similar surface properties like polytetra-
fluoroethylene (PTFE).
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2. Experimental
2.1. Plasma etching and deposition of plasma coatings

All plasma processes were carried out employing a FEMTO plasma
system (Diener electronic, Germany) previously described in detail
[34]. The device features two power generators, the first working at a
frequency of 13.56 MHz while the other one is operated at 40 kHz; both
offer pulsed and continuous modes at a maximum power output of
300 W. The pressure of the volatile monomers introduced into the re-
action chamber ranges from 10 to 80 Pa. The volume of the reaction
chamber is approximately 6 dm®. Two types of substrates were used for
our experiments, either silicon substrates or glass substrates. Which
type of substrate was used is described in the corresponding section.
Before applying the plasma coatings, all substrates were etched using an
oxygen plasma for 30 min in order to remove unwanted residues on the
surface and to provide a homogeneous silica surface. After this etching
process three subsequent layers of plasma polymer coatings were de-
posited. All deposition processes were carried out with monomers
which are normally not available for polymerization reactions. The first
layer serves as a coupling agent between the silica substrate and the
subsequent organic plasma coating and is composed of plasma-poly-
merized hexamethyldisiloxane (ppHMDSO). The next layer consists of
plasma-polymerized propionic acid (ppPA), which provides hydrophilic
moieties. The final coating of plasma-polymerized trifluoromethane
(ppTFM) resembles a PTFE-like hydrophobic coating. The conditions
for the etching and deposition steps are shown in Table 1. For the de-
position of the ppTFM layer argon was employed as a carrier gas with a
flow rate of 32 cm®/min.

2.2. Micro-structuring of the plasma coatings

The multilayer plasma polymer coatings were then micro-structured
via irradiation with ultra violet (UV) light through a patterned quartz
mask in a custom-made lithography system [35]. All components of the
system were obtained from Hamamatsu Photonics K.K. (Japan). The
light source consists of a 250 nm enhanced 200 W mercury-xenon lamp
(LC 819588-02A) with a wavelength range from 240 to 400 nm. The
measured optical power which reaches the sample surface after its way
through the optical setup with a synthetic silica light guide
(A10015-50-0110, length = 1 m, diameter = 5mm) and a beam dis-
tributor (E5147-06) was 94 mW/cm?. The scan range of the power
meter reaches from 250 to 2200 nm. The measured power was in-
tegrated within that range. The distance between the lower lens of the
beam distributor and the sample surface was 16 cm. The quartz masks
have a pattern of transparent circles of 20 um diameter. The UV-litho-
graphic process was carried out for 90 min at ambient conditions.
Afterwards, the coatings were rinsed twice with deionized water and
then dried with compressed air. UV lithographic etching of the samples
resulted in periodic, circular cavities corresponding to the pattern of the
mask. The step height of the cavities was adjusted to have its bottom in
the hydrophilic ppPA layer by choosing the duration of the irradiation
in an appropriate way. The schematic architecture of the final patterned
coating consisting of the three consecutive plasma layers is depicted in
Fig. 1.

Table 1

Conditions used for deposition and etching processes.
Gas/monomer 02 ppHMDSO ppPa pPTFM
Power [W] 300 150 150 150
Frequency 13.56 MHz 40 kHz 40 kHz 40kHz
Mode continuous pulsed pulsed pulsed
Duration [min] 30 1 90 5
Pressure [Pa] 30 50 55 85
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Fig. 1. Schematic build-up of the structured multilayer coating. The depiction is
for better visibility not true to scale.

Table 2
Values of contact angle measurements before and after irradiation of a sample
and of a PTFE sample.

Before UV After UV PTFE comparison
CA (H0) ['] 115 13 120
CA (CHoDp) [] 75 71 75
SE [mN/m] 20 71 20

2.3. MOF synthesis

Glass substrates with micro-structured plasma coatings were im-
mersed in a typical mother liquor used for solvothermal synthesis of
Metal-Organic Framework Ulm-4 (MFU-4) crystals [36]. In a closed
reaction vessel 1.0mg (6.25pmol) of the linker H,-bbta (=1H, 5H-
benzo(1,2-d:4,5-d")bistriazol) was dissolved in 2mL dimethylforma-
mide (p.a.). After the organic linker had completely dissolved, 3.4 mg
(0.025 mmol) ZnCl, were added. A glass substrate coated with a micro-
patterned plasma polymer film was directly placed in the reaction
vessel on a small PTFE ring, with the coating facing downward. The
closed reaction vessel was heated at 90 °C for 60 min. After cooling the
reaction medium down to room temperature, the glass substrate was
removed from the vessel and rinsed twice with dimethylformamide
(p.a.) and twice with ethanol (p.a.).

2.4. Surface characterization of plasma polymer coatings

The characterization of the surface properties of the plasma polymer
coatings was conducted with contact angle (CA) respectively surface
energy (SE) measurements. The measurements were carried out on
plasma polymer model samples, which were either irradiated without a
quartz mask, to generate a sample with a completely hydrophilic sur-
face, or not irradiated at all, to form a thoroughly hydrophobic model
sample. The CA measurements were conducted at ambient conditions
using a Kruess DSA25E setup (Germany) and demineralized water or
diiodomethane. For all measurements the droplet volume was 2 pL.

The characterization of the surface chemistry of the plasma polymer
substrates was further investigated with X-ray photoelectron spectro-
scopy (XPS). The plasma coating samples for the XPS measurements
were prepared in the same way as the model samples for the CA mea-
surements, except that silicon wafer substrates were used instead of
glass ones because the substrate has to be conductive. The plasma
etching and all deposition steps were carried out analogous to the
method with glass substrates. Also, for XPS measurements the UV ir-
radiation was performed on the whole coating surface without em-
ploying a mask. The XPS device (Omicron, Germany) features a
monochromatic Mg anode (XM 1000 Mk II, 1486.7 eV) and a hemi-
spherical analyzer (EA 125).

Auger spectroscopy and Auger mapping scans were performed em-
ploying a NANO-SAM (Omicron, Germany). Instead of glass, silicon was
chosen as the substrate material and etching, deposition steps, as well
as UV-lithography were carried out in the same manner as with glass
substrates. The background-corrected map was generated by using the
formula I = (p-b)/(p = b), where I is the corrected intensity, p the
fluorine peak intensity, and b the background intensity.

Topographical studies were done with a 5500 scanning probe
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Fig. 2. (a) XPS measurements of irradiated (black) and non-irradiated (red) multilayer plasma polymer coating. XPS C 1s region of a non-irradiated (b) and
irradiated (c) multilayer plasma polymer coating (black) with four fit functions at 292 eV, 290 eV, 287 eV and 284.5 eV and the resulting cumulative fit (red). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. (a) SEM micrograph and (b) fluorine Auger mapping of a micro-struc-
tured plasma polymer model sample.

Fig. 4. Topographical AFM scan of a micro-structured plasma polymer coating.

Fig. 5. (a) SEM micrograph of the sample area from which the Auger linescans
shown were obtained. The electron beam was defocused to prevent damaging
the sample. (b) Baseline-corrected bar graph of the XPS intensities at 660 eV for
each measuring point of the linescan.

atomic force microscope (AFM), Agilent Technologies (USA) featuring a
MAC III controller and a closed loop multipurpose scanner. All mea-
surements were conducted in alternating contact mode with an OMCL-
AC160TS cantilever, Olympus K.K. (Japan).

2.5. MOF characterization

Scanning electron microscopy (SEM) micrographs were carried out
with an XL 30 ESEM FEG, FEI (USA) in environmental mode with back
scattered electrons detector. The accelerating voltage was 10kV, the
probe current approximately 290 pA and the working distance 4 mm.

X-ray powder diffraction (XRD) was conducted with a Seifert XRD
3003 TT (Germany). The device has a Meteor 1D detector working at
40kV and 40 mA a CuK, x-ray source with A = 0.154247 nm.

3. Results and discussion

The CAs of demineralized water and diiodomethane on the non-
irradiated sample match very closely the respective CAs of a commer-
cially available PTFE-tape comparison sample. But after irradiation the
CApoo decreases from 115° to 13° and the SE increases from 20 mN/m
to 71 mN/m (see Table 2), which indicates that there is a drastic change
of the surface chemistry of the plasma polymer coating during UV ir-
radiation.

The resulting XPS data indicate that the amount of fluorine de-
creases by more than 70% and the amount of oxygen increases by more
than 85%. Whereas the amount of carbon only changes by about 17%.
Fig. 2a illustrates the change of the relative occurrence of fluorine,
oxygen and carbon on the surface of the two model coatings. Detailed
XPS analysis of the C 1 s signal of the non-irradiated substrate showed
that there are four distinctive binding energies corresponding to four
different types of chemical bonds (see Fig. 2b). After irradiation, the
signal of the C—F and the C—O bond is drastically reduced corre-
sponding to the removal of the topmost layer of the coating and the
uncovering of the ppPA layer (see Fig. 2c.)

In order to demonstrate the spatial boundaries of the chemical
changes introduced to the fluorinated plasma polymer film, Auger
spectroscopy was applied to patterned model samples. Fig. 3a shows a
SEM micrograph of plasma coating with a circular pattern. The darker
circles correspond to the irradiated areas which are lower in height
than the non-irradiated (brighter) areas. In Fig. 3b the same area is
shown in a false color depiction. The brightness corresponds directly to
the detected amount of fluorine. According to atomic force microscopy
the step height is approximately 25 nm (see Fig. 4).

An Auger linescan was performed over the different domains of the
structured sample to emphasize the sharp spatial distinction between
the hydrophilic and hydrophobic domains. Fig. 5a illustrates the pro-
gression of the linescan on the surface of the sample. The scan direction
is from left to right. Each of the 20 small circles corresponds to an in-
tensity of the bar graph in Fig. 5 b. The color of the bar graphs also
corresponds to the color of the bar directly below the measurement
points of Fig. 5 a.

Fig. 5b shows the baseline corrected Auger intensities at 660 eV for
the 20 measurement points of the linescan. The first three bars (red)
show a low or no intensity due to the absence of fluorine. The next three
bars have a significantly higher intensity, which then again is reduced
for the next six bars. These first 12 bars show the sharp distinction
between the non-fluorinated gaps and the fluorine containing bridges of
the sample. The 16th spectrum was collected from a spot which tan-
gents both domains therefore the bar has a medium intensity.

SEM micrographs of the samples after immersion into the MOF



Fig. 6. SEM micrographs of MFU-4 crystals on a micro-structured sample at a magnification of 1000 X (a) and 10,000 x (b).

Fig. 7. Comparison of a measured XRD pattern of MFU-4 grown on an UV-
irradiated plasma-coated substrate (red) and of a simulated powder pattern
(black). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. SEM micrograph of cubic MFU-4 crystals. To improve the visibility of
the crystals, the reaction time was increased to 15h.

mother liquor show spatially defined areas of MFU-4 crystal growth
preferentially in the hydrophilic areas of the structured sample (see
Fig. 6a — b). The size distribution of the cubic MFU-4 crystals is quite
narrow with each crystal edge being about 250 nm long. X-ray dif-
fraction analysis of the crystals grown on the substrate confirmed the
formation of MFU-4 crystals. Fig. 7 depicts the comparison of a mea-
sured powder pattern (red line) with a simulated powder pattern (black
line). The two patterns show an accordance of six reflections at
2Theta = 7.0°, 8.2°, 11.6°, 13.6°, 17.9° and 23.3°. The cubic shape of
the crystals (see Fig. 8) points towards the formation of single crystals
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of MFU-4. Unfortunately, neither XRD analysis nor SEM micrographs
suggest a specific orientation of the crystals grown on the hydrophilic
domains.

4. Conclusions

In summary, we demonstrate the feasibility of spatially directed
growth of crystals of the functional material MFU-4 on an easy to
produce, chemically robust, multilayer plasma polymer coating with an
alternating  hydrophilic/hydrophobic = micro-structured  pattern.
Controlling the spatial allocation of a metal-organic framework is an
attractive goal in the development of miniaturized, more efficient gas
sensing devices.
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